The DNA sequence of an organism is a blueprint of life: it harbors not only the information about proteins and other molecules produced in each cell, but also instructions on when and where such molecules are made. Chromatin, the structure of histone and DNA that has co-evolved with eukaryotic genome, also contains information that indicates the function and activity of the underlying DNA sequences. Such information exists in the form of covalent modifications to the histone proteins that comprise the nucleosome. Thanks to the development of high throughput technologies such as DNA microarrays and next generation DNA sequencing, we have begun to associate the various combinations of chromatin modification patterns with functional sequences in the human genome. Here, we review the rapid progress from descriptive observations of histone modification profiles to highly predictive models enabling use of chromatin signatures to enumerate novel functional sequences in mammalian genomes that have escaped previous detection.
INTRODUCTION
Each of the over 200 cell types in the human body contains a nearly identical copy of the genome sequence. Yet the gene expression pattern for each distinct cell type is unique (1, 2) . Although it is generally accepted that this uniqueness arises from differences in how transcription factors act in each cell, it has also become clear that chromatin remodeling plays an integral role in the process. Gene regulation is the result of the interactions of these factors with chromatin and a host of genomic regulatory elements including promoters, enhancers, silencers and insulators (3) . Experimentally, promoters and insulators can be identified through binding of RNA polymerase II (RNAPII) and the insulator-binding protein CCCTC-binding factor (CTCF), respectively (4, 5) . In contrast, most other cisregulatory elements have remained undiscovered, though techniques based on evolutionary conservation have identified a handful of these elements. But recently, it has been shown that chromatin modifications can be regarded as indicators of the transcriptional regulatory function and activity of certain types of genomic loci. With recent technological advances making it routine to survey chromatin modifications on a large scale, the epigenetics field is rapidly expanding from examining individual genes to all genes to the entirety of the human genome. With this extension comes the recent shift from descriptive to predictive models relating chromatin signatures and the regulatory elements they mark, giving new global insights into gene regulation and development by allowing dissection of these processes in unprecedented detail.
CHROMATIN SIGNATURES AT GENE STRUCTURES
One of the most studied chromatin modifications is histone H3 lysine 4 tri-methylation (H3K4me3), a hallmark of actively transcribed protein-coding promoters in eukaryotes spanning yeast to human (Fig. 1 ). This has been made clear first through chromatin immunoprecipitation (ChIP) studies focusing on individual promoters, then through small scale ChIP followed by microarray analysis (ChIP-chip) studies spanning the full yeast genome or subsets of the human genome (5 -8) , and most recently through genome-wide techniques using ChIP-chip or ChIP followed by sequencing (ChIP-Seq) (9 -11) . Newer technologies have offered higher resolution views, showing clearly that this modification is found on the nucleosomes flanking nucleosome-free regions that coincide with the transcription start sites (TSSs) of actively transcribed genes in all eukaryotes examined to date (6, (12) (13) (14) .
It is now reasonably clear how the H3K4me3 chromatin signature is deposited at active promoters (Figs 1 and 2) . Examining a panel of histone methyl-transferases in Saccharomyces cerevisiae, Briggs et al. (15) observed that only knock-out of the Set1 methyltransferase results in complete loss of H3K4me3. Krogan et al. (16, 17) demonstrated that the Set1-containing COMPASS complex is recruited to active promoters by the elongating factor Paf1. Using ChIP-chip, Ng et al. (18) observed that Set1 occupied actively transcribed regions, and its recruitment depends on the active form of RNAPII bearing a serine-5 phosphorylated tail. More recently, Lee et al. (19) showed that di-and tri-methylation of H3K4 at active promoters also requires another histone modification, mono-ubiqitinylation of H2BK123, catalyzed by Rad6/Bre1 in yeast. Thus, a complex pathway that involves multiple protein complexes and crosstalks between different chromatin modifications is responsible for H3K4me3 at yeast promoters. In flies and mammals, a similar pathway has been identified that results in H3K4me3 at active promoters. At least six mammalian homologs of COMPASS exist, including MLL1 -4 complexes, hSET1A and hSET1B, and their recruitment to active promoters can result in H3K4me3 (20 -22) .
Another canonical histone modification found in genic regions is H3K36me3, which has long been associated with the gene bodies of actively transcribed genes. Owing to the low resolution of traditional ChIP, ChIP-qPCR, and nonoverlapping tiled microarrays used in ChIP-chip, this modification was long thought to be just a signal of elongation that is enriched non-specifically throughout the entire transcribed region (14) . Recent observations using higher resolution techniques have instead found that enrichment of H3K36me3 is much higher at exons than introns in Caenorhabditis elegans, mouse, and human (23) (Figs 1 and 2) . The observation that a chromatin signature marks exons has lent further support to the view that transcription and splicing are coupled events, implying that the complex processes regulating splicing may be controlled at the chromatin level (24) . Like H3K4me3, the H3K36me3 chromatin signature is coordinated by phosphorylation states of RNAP II. In S. cerevisiae, during transcriptional initiation, the C-terminal domain (CTD) of RNAPII is phosphorylated at serine-5, which recruits the Set1 protein to catalyze trimethylations of H3K4 (18) . After promoter clearance and during transcriptional elongation, serine-5 phosphorylation of the CTD is replaced by serine-2 phosphorylation (25) and, as a result, Set1 is dissociated-explaining why H3K4me3 is not deposited in the gene body (18) . Instead, serine-2 phosphorylation leads to recruitment of Set2, which results in trimethylation of H3K36me3 in the gene body (16) .
Although these results show that RNAPII-transcribed sequences are generally marked by consistent chromatin signatures, an open question is whether the same chromatin signatures also exist for genes transcribed by the other polymerases. There are several polymerases known to exist in eukaryotes, each of which transcribes a distinct class of functional elements. It is possible that these distinct polymerases deposit distinct chromatin modifications during transcription. However, the chromatin signatures observed for RNAPII-transcribed genes may arise because of the highly regulated nature of RNAPII transcription. Given that RNAPI and RNAPIII generally transcribe ubiquitously expressed elements such as rRNAs and tRNAs, less regulation of this process is required, which may require fewer chromatin modifications.
TOWARDS PREDICTIVE CHROMATIN SIGNATURES
A central barrier to our understanding of the human genome is an incomplete annotation of the elements encoded in it. Many human functional elements have been assigned on the basis of sequence homology with other species under the assumption that sequence conservation equates functional conservation Figure 1 . Modifications of histone H3. Lysine residues on histone H3 can be mono-, di-or tri-methylated. Shown are modifications H3K4me1, H3K4me3 and H3K36me3, which mark active/poised enhancers, active/poised promoters and actively transcribed regions, respectively. me, methylation. (26, 27) . These techniques by definition miss human or lineage-specific elements, which may be important in defining human-specific traits. Desperately needed are general, costefficient methods to identify functional elements in the human genome using only measurements from human cells. The observations that chromatin signatures are found at wellannotated places of the genome and that their presence correlates with activity suggest that examination of the human epigenome can reveal the functional elements contained within it.
But this requires a shift from descriptive to predictive models of chromatin. The vast majority of studies profiling chromatin structure have focused on the descriptive view that functional loci contain chromatin signatures; for example, the statement that active promoters are marked by H3K4me3. A stronger statement would be that H3K4me3 only marks active promoters. This predictive view suggests that the presence of the chromatin signature alone can predict the presence of a specific class of functional element. This second view is more rigorous, offers a computational strategy to identify functional elements and outlines specifically how to test hypotheses of function.
Several studies have shown that novel promoters can be identified on the basis of the H3K4me3 chromatin signature. Work from our laboratory, as well as by other groups, have shown that this mark can be used in conjunction with others to efficiently identify promoters for known and novel proteincoding genes (6, 28, 29) . Focusing on the 1% of the human genome studied by the ENCODE pilot project (30), we identified 198 regions bearing the promoter chromatin signature (6) . While the vast majority of these are recovered by known annotations, six were novel. Using luciferase reporter assays, we verified that several of these novel chromatin signature-based promoter predictions showed promoter activity in vivo. Similarly, taking advantage of the observations that miRNAs are transcribed by the same machinery as protein-coding genes and have promoters marked by nucleosome-depleted TSSs flanked by H3K4me3, Ozsolak et al. (31) were able to precisely map the locations of miRNA TSSs in human.
The most exciting applications of predictive chromatin signatures are in the identification of previously elusive regulatory elements. For example, isolated examples of non-protein-coding RNAs (ncRNAs) such as HOTAIR, which regulates expression of HOX cluster genes (32), have suggested a crucial role of ncRNAs in development. However, studies of ncRNAs are hindered by small catalogs of known ncRNA genes. To address this problem, Guttman et al. (33) 
PREDICTIVE CHROMATIN SIGNATURES AT ENHANCERS
Chromatin modifications associated with genes and geneproximal elements have been extensively investigated, either through closed experimental systems that exclusively survey genic regions (14, 34, 35) or through exclusively analyzing only these regions even when using open experimental systems that survey the entire genome (9, 10, 36) . But, perhaps owing to their ambiguous link to gene expression, chromatin modifications outside of genic regions has remained largely unexplored, even though epigenetic events outside of genes likely contribute to controlling gene expression.
In eukaryotes, transcription is tightly regulated by the activity of transcription factors, many of which bind to enhancers that are far from the genes they activate (3). As such, identifying active enhancers on a genome-wide scale has been an open problem. Our laboratory had previously shown that active transcriptional enhancers are marked by a distinct and predictive chromatin signature, central to which is strong enrichment of H3K4me1 (6) (Figs 1 and 2) . Recently, we have used this well-defined chromatin signature to map 55 000 enhancers genome-wide in several human cell lines (29) . Unlike promoters and insulators, the chromatin modifications marking enhancers are highly cell-type specific in a manner that correlates with cell-type specific gene expression. These results tie the global architecture of chromatin signatures outside genes to regulation of gene expression.
Unlike H3K4me3 and H3K36me3, H3K4me1 is relatively less well studied. It is still unclear what enzyme is responsible for depositing H3K4me1 at transcriptional enhancers. It is possible that this mark arises from de novo addition of a methyl group to an unmodified H3K4 residue or via demethylation from di or tri-methylated states. The latter would require an intermediate state containing either H3K4me2 or H3K4me3 but that also shows no promoter activity. It is possible that these intermediate states are short-lived and hard to detect by high throughput studies in large population of cells. Although we have observed a handful of promoter-distal hypersensitive loci marked with stronger enrichment of H3K4me2 than H3K4me1 that may be places being demethylated to the mono-methylated form, this evidence is anecdotal at best and does not convincingly demonstrate the phenomenon on a large scale (Hon et al., unpublished data) .
It will be intriguing to learn what large protein complex, if any, is responsible for depositing H3K4me1. This complex may be a key regulator of enhancer activity. Although H3K4me3 and H3K36me3 are intimately linked to phosphorylation states of CTD in RNAPII, it is unlikely that RNAPII plays a similar role with maintenance of H3K4me1 given that the observation that enhancers are generally not enriched for RNAPII (6) . This factor or set of factors must satisfy several conditions. First, given that enhancers are typically found far from gene regions, the factor's binding to DNA cannot be limited to gene regions. Second, being a general factor required for enhancer activity, it must be ubiquitously expressed in all cell types. Thirdly, the factor should be capable of binding inactive, unmarked enhancers. Pioneer factors such as FoxA1, which can bind repressed enhancers enveloped by heterochromatin and open them for activity, or proteins associated with pioneer factors, would satisfy these constraints (37, 38) .
Thus far, the only epigenetic modification predictive of active enhancers is H3K4me1. Finding other predictive modifications or modifiers of enhancer activity has been an active area of research. Computationally, Won et al. (28) have employed hidden markov models (HMMs) and simulated annealing to identify histone modifications that are optimal predictors of both active promoters and enhancers. Experimentally, using a technique called GMAT that involves ChIP followed by serial analysis of gene expression-like sequencing, Roh et al. (39) identified thousands of acetylation islands marked by H3K9ac or H3K14ac in human cells. But since H3K9ac is known to mark the activity of promoters more than enhancers (29) , the majority of these acetylation islands were close to TSSs. Although promoter-specific acetylations have been discovered (40) , thus far there have been no reports of acetylations specific to enhancers. Instead, acetylation of histones has generally been associated with active chromatin regions marking both promoters and enhancers (29, 40) .
Using ChIP-Seq to map a panel of histone modifications (10), Barski et al. observed that enhancers were marked by H3K4me3. This apparent enrichment of H3K4me3 at enhancers could be caused by secondary physical interactions between H3K4me3-marked promoters and H3K4me1-marked enhancers as predicted by the looping mechanism of enhancer activity (41) . Indeed, analysis of this data reveals that H3K4me1 enrichment is much stronger than H3K4me3 at enhancers. H3K4me3 enrichment at enhancers could also be attributed to certain technical limitations of ChIP-Seq, which is inherently biased towards identifying highly fragile genomic regions, a feature that characterize both promoters and enhancers (42) . In contrast, in ChIP-chip studies where the ChIP sample is hybridized together with a genomic control sample, H3K4me3 is rarely observed above background levels at enhancers. Normalization procedures that take into account of input control may relieve the observed H3K4me3 enrichment.
SYSTEMATIC DISCOVERY OF CHROMATIN SIGNATURES
Increasingly, we are coming to appreciate the chromatin epigenome as a cell-type specific interpretation of the genetic code, specifying the activity of every part of the genome. The observations that chromatin signatures are predictive of a variety of transcribed elements including promoters, exons, miRNAs and ncRNAs as well as untranscribed regulatory elements such as enhancers leads one to suspect that novel chromatin signatures may also mark other elements of unique function.
Nucleosome depletion is common among many active regulatory elements including genic promoters and miRNA promoters. We have also observed that enhancers marked by H3K4me1 are depleted for core histone H3 (6, 29) . Like the distribution of nucleosomes around an active TSS, nucleosomes may be well-positioned flanking a region of nucleosome depletion around other active genomic regions. Indeed, we observe a bimodal distribution of H3K4me1 enrichment at predicted human enhancers, and most interestingly enrichment of transcription factors is strongest inside the nucleosome-free region. Similar observations have been observed at CTCF-bound insulators (43) . Recently developed technologies such as DNaseSeq are enabling the efficient enumeration of all nucleosome-free regions in the human genome (44) , and systematic examination of the histone modifications around these regions will likely yield novel chromatin signatures of enhancers and other regulatory elements.
Not all functional regions of the genome are expected to be marked by DNase I hypersensitivity, particularly places of the genome that are repressed. One way to find consistent chromatin signatures marking regulatory elements outside of known regulatory regions or annotations is to apply an unbiased search on multiple dimensions of the chromatin epigenome simultaneously. This can be achieved by using various machine learning techniques. We have recently developed a computational technique called ChromaSig to identify frequently occurring chromatin signatures (45) (Fig. 3) . Focusing on genomic regions with strong enrichment of histone modifications, ChromaSig employs a probabilistic approach to simultaneously align and cluster these regions to identify consistent signatures. In agreement with observations in yeast (46), we find that many histone modifications are highly redundant, resulting in only a handful of distinct chromatin signatures in the human genome (45) . In particular, we observe classes of inactive genomic regions marked by multiple, distinct repressive chromatin modifications but that are not DNase I hypersensitive (45) . More recently, HMMs have also been extended to genome-wide histone modification profiles with the goal of partitioning the entire genome into contiguous blocks, each with distinct combinations of histone modifications (47,48) (Ernst and Kellis, unpublished data). In so doing, these initial studies are expanding our catalogs of chromatin signatures, linking them with functional elements, and detailing how chromatin states transition into others on a chromosomal level.
Chromatin structure is constantly changing in response to the cell's many stimuli. In addition to defining how gene expression is presently controlled, chromatin modifications also detail how the cell is ready to respond to environmental or developmental cues to alter its transcriptional output. This poised phenomenon has been well documented at promoters where a bivalent chromatin state ensures a poised transcriptional state critical for development (49) , and likely also applies to enhancers (6, 29, 37) and, by extension, to other regulatory elements. Using unbiased approaches to identify which parts of the epigenome change during cellular response will reveal key regulatory elements involved in the process. Most interesting will be identifying which parts of the genome are marked both before and after stimulation, but where the marks have significantly changed either in terms of modification types or spatial distribution. These poised elements may be those most critical in defining the cellular response. 
CONCLUSIONS
To dissect the human genome, we must first enumerate all the regulatory elements encoded by it. Although we know that many classes of functional elements exist, current approaches to map these elements are not general, efficient, accurate, genome-scale and cell-type specific. A major obstacle in finding these elements from the genome sequence alone is that there are no natural breaks in the sequence that delimit phrases or functional elements. The epigenome is an interpretation of the genome. But although the alphabet of the chromatin epigenome is larger than that of the genome, its analysis is a much more tractable endeavor as the words of histone modification peaks are well spaced throughout the genome. Furthermore, as the fundamental unit of this chromatin epigenome is the nucleosome, it is effectively orders of magnitude shorter than the genome, telling the story of the genome in a more compact way without skipping the important features. Well defined, predictive chromatin signatures offer an elegant framework to comprehensively map all the functional elements in the human genome.
